WRSd1 is a Shigella dysenteriae 1 vaccine containing deletions of the virG(icsA) gene required for intercellular spreading and a 20-kb chromosomal region encompassing the Shiga toxin genes (stxAB). WRSd1 was constructed from S. dysenteriae 1 strain 1617 that was originally isolated during the 1968 to 1969 epidemic of Shiga dysentery in Guatemala. The virG(icsA) deletion was constructed from a streptomycin-resistant (Str r ) mutant of 1617 by a filter mating procedures using a virG(icsA) deletion derivative, p⌬virG2. A colony that was invasive for HeLa cells and negative for the virG(icsA) gene by Southern blotting was grown anaerobically on plates containing chlorate for selection of resistant colonies that had lost the entire Shiga toxin gene. A virG(icsA) stxAB Str r mutant selected from the chlorate plates was designated WRSd1. This candidate vaccine was evaluated for safety, immunogenicity, and protective efficacy using the guinea pig keratoconjunctivitis model. WRSd1 was Sereny negative, and two applications of this strain to the cornea elicited a significant protective immune response against the S. dysenteriae 1 O antigen. Vaccination with WRSd1 conferred protection against challenge with each of three virulent S. dysenteriae 1 strains. Since a vaccine protecting against multiple Shigella species is required for most areas where Shigella is endemic, protection studies using a combination vaccine of Shigella sonnei vaccine strain WRSS1, Shigella flexneri 2a vaccine strain SC602, and WRSd1 were also performed. Guinea pigs vaccinated with a mixture of equal amounts of the three vaccine strains were protected against challenge with each of the homologous virulent strains. Unlike WRSS1 and SC602, however, the level of protection afforded by WRSd1 in a combination vaccine was lower than the protection elicited by a pure culture. A current Good Manufacturing Practice product of WRSd1 given intragastrically to rhesus monkeys proved safe and immunogenic.
Shigella spp. are the most important cause of acute bloody diarrhea (dysentery), and 600,000 deaths occur globally each year due to shigellosis (14) . The emergence of strains resistant to multiple antibiotics and the increasing number of infected persons in some areas of the world emphasize the need for an effective vaccine. The most important Shigella strains to be targeted for vaccine development are S. flexneri 2a, S. dysenteriae 1, and S. sonnei. S. dysenteriae 1 (Shiga bacillus) has been an important cause of epidemic dysentery in Latin America, Asia, and Africa since the 1960s. Infection with S. dysenteriae 1 causes a more severe and prolonged illness with a much higher mortality rate, particularly in young children, infants, the elderly, and the malnourished, than does infection with other Shigella serogroups. Due to the presence of the potent Shiga toxin, S. dysenteriae 1 infection complications include hemolytic-uremic syndrome, seizures, sepsis, rectal prolapse, and toxic megacolon.
The recent success seen in human trials of S. flexneri 2a vaccine strain SC602 (4) and S. sonnei vaccine strain WRSS1 (14a) has indicated that the strategy of using live attenuated Shigella strains with mutations in specific virulence-associated genes produces effective, low-dose oral vaccines for diarrhea and dysentery. SC602 has mutations in the aerobactin gene iuc and a deletion of the virG(icsA) gene that is required for intercellular dissemination. A single oral dose of 10 4 CFU of SC602 was safe and immunogenic and protected volunteers against the severe symptoms of dysentery when challenged with wild-type S. flexneri 2a strain 2457T (4) . WRSS1, which has a 212-bp deletion in the virG(icsA) gene, proved safe and immunogenic when given as a single oral dose ranging from 10 3 to 10 6 , eliciting a vigorous immune response against S. sonnei lipopolysaccharide (LPS) even at the 10 3 dose (14a). An S. dysenteriae 1 vaccine will form an important component of a polyvalent Shigella vaccine that will effectively protect volunteers against the major serotypes of Shigella causing disease.
Several vaccine-related products have been described for the purposes of countering S. dysenteriae 1 infection. These include synthetic S. dysenteriae 1 O-antigen-specific saccharides conjugated to human serum albumin (24) and O-specific polysaccharides covalently bound to bacterial toxoids (28) . Other approaches that have been tried are an stxB-hlyA fusion integrated into a recombinant bivalent S. flexneri Y vaccine strain expressing S. dysenteriae 1 O antigen (29) , expression of S. dysenteriae 1 O-specific polysaccharides in S. flexneri aroD vaccine strains (6) , characterization of aroA and aroD genes of S. dysenteriae 1 to be engineered in live vaccines (32) , and construction of vaccine candidates based on the loss of virulence genes virG(icsA) and aerobactin production and transport (iuc and iut) which support growth within tissues (7) .
Some but not all of these products have undergone limited studies in animals, and only one has undergone clinical testing in humans (28) . Here we report the construction of WRSd1, a live, attenuated S. dysenteriae 1 vaccine strain containing a 10-kb deletion on the invasion plasmid encoding the virG(icsA) gene and a 20-kb chromosomal deletion encompassing the stx genes that is being readied for a phase 1 safety and immunogenicity study.
MATERIALS AND METHODS
Bacterial strains. The parent S. dysenteriae 1 strain 1617 was obtained from the culture collection of Samuel B. Formal, Walter Reed Army Institute of Research (WRAIR) (21) ( Table 1 ). The strain was originally isolated from an outbreak of epidemic Shiga bacillus dysentery in Guatemala, Central America, in 1968 or early 1969 (20) . The isolated strain was lyophilized and stored in ampoules in the laboratory of S. Formal. Strain 1617 lacks any antibiotic resistance marker. Shigella strains S. flexneri 2a 2457T and S. sonnei 53G, SC602, and WRSS1 are from the WRAIR culture collection ( Table 1 ). The Shiga strain was obtained from P. Sansonetti, Pasteur Institute, Paris, France, and Ubon378 was obtained from the Armed Forces Research Institute of Medical Sciences, Bangkok, Thailand, culture collection (Table 1) .
Deletion of virG(icsA) in strain 1617. A spontaneous streptomycin-resistant derivative of strain 1617 (1617-str) was isolated by growing a log-phase culture of strain 1617 on Luria-Bertani (LB) agar plates containing 300 g of streptomycin per ml. Colonies that grew were tested for the invasive phenotype in a HeLa cell invasion assay (5) . A log-phase culture of 1617-str that was invasive in HeLa cells was the recipient strain in filter mating experiments with donor Escherichia coli strain SM10pir carrying the suicide plasmid vector construct p⌬virG2 (2, 10) . p⌬virG2 has a 212-bp deletion in the virG(icsA) structural gene that was cloned into the suicide vector pCVD442 (2) . Dilutions of the mating mixture were plated on LB agar plates containing streptomycin and ampicillin (S/A). Several colonies grew on these plates, representing products of the first recombination event (1617⌬G-S/A). PCR was used to confirm the appropriate integration event as previously described (2, 10) . The presence of the sacB gene in pCVD442 inhibits growth of the host cell on 5% sucrose. The sacB gene, encoding sucrase, converts sucrose to levan, which is cytolytic. Therefore, growth on sucrose is used as a positive selection for the loss of the sacB gene and consequently the loss of the vector sequence. Cultures of 1617⌬G-S/A were plated on low-salt LB agar with 5% sucrose and 300 g of streptomycin per ml as previously described (2, 10) . Colonies were tested for loss of ampicillin resistance. Ampicillin-sensitive colonies, 1617⌬G, were further tested with virG(icsA)-specific primers in a PCR to confirm the loss of the vector sequence.
Deletion of the Shiga toxin (stx) gene from 1617⌬G. 1617⌬G was subjected to growth on chlorate plates under anaerobic conditions as described before (7, 21) . Suspensions of 1617⌬G were spread on potassium chlorate-containing medium (8, 21) and incubated in an anaerobic jar. After 48 h, isolated colonies were purified twice on the same medium with anaerobic incubation. Several chlorateresistant strains were isolated and tested for loss of stx gene sequences using colony blot hybridization and radiolabeled Shiga toxin (stx) DNA probe as described (22) . The Shiga toxin probe for both colony blot and Southern hybridization procedures was a BamHI 1,142-bp fragment isolated from recombinant plasmid pJN37-19 (22) . This fragment encodes 98% of the A subunit and all of the B subunit of SLT1. The fragment was gel purified, and approximately 0.5 g of the fragment DNA was labeled by nick translation with 5Ј-[␣-
32 P]dCTPlabeled (New England Nuclear, Boston, Mass.) using reagents supplied by Life Technologies (Gaithersburg, Md.). To confirm the loss of stx structural gene sequence from WRSd1, Southern blots of EcoRI-digested total bacterial DNA from 1617-str and WRSd1 were hybridized to the Shiga toxin probe, the filters were washed under stringent conditions in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 65°C for 2 h and exposed to XAR-5 film (Eastman Kodak, Rochester, N.Y.).
Toxin assay. Strains WRSd1, 1617, 59 tox (Shiga toxin-positive control), and pMJ100 (stx2 clone) were grown in 3 ml of LB medium overnight at 37°C. Then 1 ml of the culture was removed, sonicated, and clarified by centrifugation. The resulting supernatant was filter sterilized and used as the crude lysate for the cytotoxicity and neutralization assay. This assay was carried out in 96-well microtiter plates seeded with approximately 10 4 Vero cells in 100 l of tissue culture medium as previously described (9, 25) . WRSd1 lysate was twofold serially diluted, starting with 200 l of undiluted lysate in the first well, and added to the Vero cells. Each set of dilutions was done in triplicate. In the case of lysates from strains 1617, 59 tox, and pMJ100, 10-fold serial dilutions were made, again in triplicate. One set of dilutions was overlaid with an equal volume of a 1:25 dilution of F45, a polyclonal antibody to ␣stx1, a second layer was overlaid with a 1:25 dilution of AJ65 polyclonal antibody to ␣stx2 (AJ65), and the third set of dilutions was overlaid with minimal essential medium (MEM). F45 antitoxin was prepared against purified Shiga toxin from S. dysenteriae 1 strain 60R. AJ65 antitoxin was prepared by immunizing rabbits with crude preparations of sonically disrupted E. coli C600(933W), a Shiga-like toxin II (SLTII)-producing lysogen. After the addition of the lysates, Vero cell monolayers were grown in MEM supplemented with 10% calf serum and gentamicin (50 g/ml) for 48 h at 37°C in a CO 2 incubator. The monolayer was washed, fixed, and stained with crystal violet, and absorbance was read at 620 nm. Fixed and stained toxintreated tissue culture cells were compared with fixed and stained untreated cells; stain intensity was proportional to the number of viable, attached tissue culture cells present before being fixed to the well. The 50% cytotoxic dose (CD 50 ) is defined as the dilution of the culture supernatant that kills 50% of the Vero cells in a well (9, 25) .
PCRs for mapping virG(icsA) and stx deletions. For mapping the extent of the virG(icsA) deletion, a 50-l PCR was prepared with 10 pmol each of primer 6R (5Ј-GCTTCCGTTGTTCTGACATGAC-3Ј) and 13F (5Ј-GTGCTGCCACAGG AAGCGAGTTC-3Ј) derived from sequences flanking the virG(icsA) region in S. flexneri 5 invasion plasmid pWR501 (31) . Single colonies of 1617 and WRSd1 were suspended in 200 l of water, boiled for 10 min in a water bath, and centrifuged to obtain a lysate. Then 5 l of the lysate was used in the PCR as the template DNA, and Taq polymerase was used as the enzyme. The reaction cycle consisted of 95°C for 5 min; 30 cycles of 94°C for 1 min, 52°C for 1 min, and 72°C for 1 min; followed by an elongation step at 72°C for 5 min. The extent of the stx deletion was mapped using primers JRB196 (5Ј-CGGGCAATTTGCTGGTAG TGTCGTGCCCATGAC-3Ј) and JRB199 (5Ј-CGGCTGGAGGAGCAGCTGG AACATGCTGCTCAC-3Ј) as described previously (19) . In this case, amplification was performed using TaKaRa Ex Taq DNA polymerase (Pan Vera Corporation, Madison, Wis.) with the LA buffer. The reaction cycle consisted of 94°C for 1 min; 30 cycles of 98°C for 20 s and 68°C for 10 min; and a final cycle of 72°C for 10 min. Aliquots of the PCR products in each case were electrophoresed on 1% agarose gels in 1ϫ Tris-borate-EDTA buffer with ethidium bromide (19) . Immunization of guinea pigs. Guinea pig eyes were inoculated with bacterial cultures grown overnight on LB agar plates and harvested in 1ϫ phosphatebuffered saline (PBS) as previously described (11) . The eyes were observed for 5 to 6 days for evaluation of the Sereny reaction. When eyes were immunized for efficacy studies of vaccine candidates, immunization was carried out twice at 2-week intervals. Four weeks after the last immunization, guinea pig eyes were challenged with wild-type strains and scored for development of disease and protection. Development of disease was rated as follows: 0, no disease or mild irritation; 1, mild conjunctivitis or late development and/or rapid clearing of symptoms; 2, keratoconjunctivitis without purulence; 3, fully developed keratoconjunctivitis with purulence. Percent protection is defined as follows: full, percent of eyes rated 0; partial, percent of eyes rated 1; combined, sum of complete and partial (11) . Statistical analysis was carried out using the Wilcoxon rank sum test, with P values of Յ0.05 considered significant.
Immunization of rhesus monkeys. Rhesus monkeys (Macaca mulatta) were immunized according to a WRAIR Institutional Animal Care and Use Committee-approved monkey protocol (WRAIR protocol IO99-99). Monkeys were anesthetized intramuscularly in the caudal thigh with ketamine HCl (10 to 20 mg/kg of body weight) for procedures requiring contact with humans (physical examination, venipuncture, gastric intubation, and colonic biopsies). Then 20 ml of saturated sodium bicarbonate was administered intragastrically through a pediatric stomach tube fitted over a disposable plastic syringe, followed by 20 ml of the bacterial inoculum in water. Complete blood counts were done, and serum and rectal lavage samples were taken by veterinarians at day Ϫ7 and at days 2, 7, 14, and 28 as indicated in the protocol. Stool samples were streaked out on Hektoen agar and SS agar plates daily. These plates were scored for lactosenegative colonies. Serum and lavage samples were subjected to enzyme-linked immunosorbent assay (ELISA) using plates coated with serotype-specific LPS. A positive response was Ն2-fold-higher antibody dilution titer over that at day 0.
RESULTS

Construction of 1617⌬G.
The parent strain S. dysenteriae 1617 demonstrated a strong Sereny-positive reaction in all guinea pig test eyes, causing inflammation, keratoconjunctivitis, and purulence within 48 h. A comparison of three virulent S. dysenteriae 1 strains, 1617, Ubon 378, and Shiga (isolated from an S. dysenteriae epidemic in Japan), in a small number of guinea pig eyes indicated that although all three strains were positive in the Sereny test (26), the reaction with 1617 appeared more virulent, with all of the eyes showing the highest rating ( Table 2) .
The 1617⌬G construct, lacking virG(icsA), was made essentially as described previously for the construction of WRSS1 and EcSf2a-3 (2, 10). The construction involved filter mating 1617-str with donor suicide vector strain p⌬virG2. After two sequential recombination events, the wild-type allele in 1617-str is replaced by the deleted version of virG(icsA) in p⌬virG2. Lack of a PCR product with virG(icsA) primers BA114 and BA117 [primers within the structural region of virG(icsA) and cloned in p⌬virG2] indicated that perhaps a larger than expected deletion had occurred in these recombinants. To confirm this, plasmid DNA was isolated from 1617⌬G (ampicillinsensitive) colonies, digested with EcoRI and SalI, and electrophoresed on 1% agarose gels. The DNA from the gels was transferred onto nitrocellulose filters and probed with the ␣-32 P-radiolabeled 7.6-kb EcoRI fragment from pHS3188 containing the entire structural gene for virG(icsA) and flanking sequences (3) . Hybridization analysis confirmed the total loss of the virG(icsA) gene in the 1617⌬G recombinants (data not shown). 1617⌬G was negative in the Sereny reaction in guinea pigs, substantiating the observation that the virG(icsA) gene product was absent.
Complementation of 1617⌬G with virG(icsA) sequence. A 1617⌬G isolate that was positive in the HeLa cell invasion assay (5) was electroporated with plasmid pHS3188 (3). Western blot analysis indicated that while there was no detectable expression of the virG(icsA) protein in 1617⌬G, expression of virG(icsA) was restored in 1617⌬G(pHS3188) (Fig.1 ). An inoculum of 5.5 ϫ 10 8 CFU of 1617⌬G and 1617⌬G(pHS3188) was placed into the eyes of two animals (four eyes total) and three animals (six eyes total), respectively ( Table 3) . As a positive control for the Sereny reaction, 4.6 ϫ 10 8 CFU of the parent strain 1617 was inoculated into one eye of each of six animals. The results here indicated that the loss of the keratoconjunctivitis reaction seen with 1617⌬G was only partially restored by complementation with pHS3188 (Table 3) .
PCRs to determine the extent of the virG(icsA) deletion. Primers 6R and 13F flank individual IS629 sequences present on either side of a 10-kb fragment on the S. flexneri 5 invasion plasmid. The virG(icsA) gene resides within this 10-kb fragment ( Fig. 2) (32) . These primers have been used previously in our laboratory to map the large deletion around the virG(icsA) gene in SC602. The deletion in SC602 occurred unexpectedly during its construction. PCR with primers 6R and 13F indicated that the deletion in SC602 had occurred as a result of recombination between the two IS629 sequences, eliminating the virG(icsA) gene, and leaving a single IS629 in place (M. M. Venkatesan, unpublished data). Thus, primers 6R and 13F generate a 1.5-kb PCR product when used with SC602 DNA template but do not amplify a product with the wild-type strain 2457T because of the large size of the product. Since Southern blot analysis of DNA from 1617⌬G indicated complete loss of the virG(icsA) gene, primers 6R and 13F were used to carry out a PCR to determine whether a large deletion, similar to that observed with SC602, had also occurred during the construction of WRSd1. Figure 2 indicates that primers 6R and 13F generated a 1.5-kb PCR product with DNA from WRSd1, while no product was seen with the parent strain 1617. As controls, ipaB-specific primers amplified the ipaB gene in both templates (data not shown). This shows that the extent of deletion in the virG(icsA) region on the invasion plasmid of 1617⌬G spans a 10-kb region. Sequencing of the 1.5-kb PCRderived product confirmed this and showed that the recombination left a single IS629 sequence in place, as shown for SC602.
Loss of stx genes. Previous studies had indicated that 10 to 25% of chlorate-resistant mutants of several strains of S. dys- on September 9, 2017 by guest http://iai.asm.org/ enteriae 1 lost the ability to produce toxin (8) . Later experiments indicated that this loss was accompanied by loss of the complete structural genes for Shiga toxin (19) . 1617⌬G was grown on plates containing chlorate in an anaerobic chamber as previously described (21) . Several colonies were tested for loss of the stx genes by colony blot and Southern blot analysis with radiolabeled stx probes (22) . The results indicated loss of the entire Shiga toxin gene (Fig. 3) . Several of these isolates were then tested in the HeLa cell invasion assay and shown to be as invasive as strain 1617. One such isolate, which was virG(icsA) negative and stx negative, was chosen as vaccine strain WRSd1. PCRs to determine extent of stx deletion in WRSd1. Previously it has been shown that the chlorate-induced loss of stx genes during anaerobic growth of S. dysenteriae 1 strains occurs due to a deletion of approximately 20 kb on the chromosome that includes the loss of the entire stx genes as well as other genes, such as fnr (19) . This recombination event is facilitated by two IS600 elements flanking the 20-kb region. Primers JRB196 and JRB199 can be used to differentiate fnr ϩ stx ϩ strains (such as strain 1617) from those that have undergone the 20-kb deletion (such as WRSd1, Fig. 4 ). Using primers JRB196 and JRB199, a 3.1-kbp PCR product was amplified from WRSd1 but not from the parent strain 1617 (17) . In wild-type strain 1617 the primers are 19 to 20 kb apart and unable to amplify such a large fragment under the PCR conditions used in this experiment (Fig. 4) . Sequence analysis of the 3.1-kb PCR product obtained from WRSd1 confirmed that the deletion in WRSd1 occurred by a recombination between the two IS600 elements as previously described (17), leaving a single IS600 in place. Shiga toxin activity in WRSd1. Southern blot analysis indicated that WRSd1 contained a complete deletion of the Shiga toxin gene. However, in order to ensure the loss of toxin activity, bacterial supernatants were used in an assay that has been described previously (9, 25) . The results of the cytotoxicity and neutralization assay using antibodies to Shiga toxin indicated that the CD 50 s for the crude lysates were 4.6 ϫ 10 Ϫ2 per ml for WRSd1, 1 ϫ 10 Ϫ6 per ml for strain 1617, 2.3 ϫ 10 Ϫ6 per ml for strain 59 tox, and 1 ϫ 10 Ϫ7 per ml for pMJ100. The neutralization assay indicated that, as expected, the toxicity of 1617 lysate was neutralized by polyclonal antibody to Shiga toxin F45 but not by polyclonal antibody to Shiga-like toxin II AJ65.
Efficacy test of WRSd1 in guinea pig eyes. Twelve animals were immunized ocularly on days 0 and 14 with 2 ϫ 10 8 CFU of WRSd1. Four weeks after the last immunization, animals were challenged at the same dose using one of three virulent S. dysenteriae 1 strains: 1617, the parent strain of WRSd1; Ubon 378; and Shiga. WRSd1 protected fully against challenge by Ubon 378 and Shiga (Table 4) . At the single dose used for immunization in this experiment, WRSd1 protected partially against the parent strain 1617 (Table 4 ). This could be an indication of the virulence of strain 1617. a The eyes had enough irritation to rate more than a 0, but total opacity never developed.
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Immunization of guinea pigs with a combination of SC602, WRSS1, and WRSd1. The immunogenicity and efficacy of SC602 and WRSS1 indicate that a mixture of virG(icsA) mutants of different serotypes of Shigella might constitute an effective polyvalent vaccine. Guinea pigs were immunized twice with 2 ϫ 10 8 to 3 ϫ 10 8 CFU/eye of vaccine 2 weeks apart and challenged 4 weeks after the last immunization with 4 ϫ 10 8 CFU/eye of virulent S. flexneri 2a strain 2457T for SC602, S. sonnei strain 53G for WRSS1, and S. dysenteriae 1 strain Ubon378 for WRSd1 (Table 5) . Animals immunized with a mixture of SC602, WRSS1, and WRSd1 were given 2 ϫ 10 8 to 3 ϫ 10 8 CFU/eye of each strain by taking equal volumes of each strain and concentrating the vaccine solution. Eyes were monitored for 5 days for development of disease.
Animals immunized with SC602 showed transient mild irritation following SC602 administration, which cleared by 24 to 36 h. Animals immunized with WRSS1 and WRSd1 were totally asymptomatic (Table 5 ). Challenge of these immunized animals with the respective wild-type strains resulted in full protection against disease. When animals were immunized with the mixture of the three vaccine strains and then challenged in separate groups with individual wild-type strains, lower efficacy of protection was seen against S. dysenteriae strain Ubon 378 compared to challenge with S. sonnei 53G and S. flexneri 2a strain 2457T.
Evaluation of the WRSd1 cGMP product in monkeys. A current good manufacturing practice (cGMP) product of WRSd1 was produced at the Walter Reed Pilot Bioproduction facility. Five rhesus monkeys housed within the animal facility at WRAIR were each immunized intragastrically with approximately 7 ϫ 10 9 CFU of WRSd1 obtained by hydrating the lyophilized vaccine product. No symptoms were detected for 14 days in any of the five monkeys. Two of five monkeys excreted the vaccine strain in stool cultures for 48 h after the administration of the vaccine, as evidenced by transparent colonies on Hektoen agar plates. These colonies were agglutinated by S. dysenteriae 1 antiserum. Four monkeys showed a 2-to 3-fold rise in serum immunoglobulin G (IgG) response to S. dysenteriae 1 LPS at day 7 or day 14 compared to day 0 or day 2 and one monkey showed a 3-fold rise in serum IgA response to S. dysenteriae LPS. None of the monkeys had a detectable rectal lavage sample immune response. LPS profile of WRSd1. LPS was extracted from S. flexneri 5 strains M9OT, 1617, and 1617⌬G and the cGMP product of WRSd1 by previously published methods (33) . The LPS was electrophoresed on polyacrylamide gels and silver stained. The results indicated that the LPS profiles of 1617, 1617⌬G, and WRSd1 were identical but different from that of M9OT, as expected (data not shown).
DISCUSSION
The consequence of the recent improved understanding of bacterial virulence-related genes has been to introduce multiple, attenuating and stable mutations into the genome of bacterial pathogens. The generation of modern live oral vaccines involves constructing genetically defined attenuated bacteria capable of inducing a protective immune response without causing disease. WRSd1 is a S. dysenteriae 1 vaccine strain that was derived from clinical isolate 1617. Based on the Sereny reaction and efficacy studies in guinea pigs, the parent strain, 1617, appears to be somewhat more virulent than other S. dysenteriae 1 isolates such as Shiga and Ubon 378. WRSd1 has a 10-kb deletion on the invasion plasmid that encompasses the virG(icsA) gene as well as a 20-kb deletion on the chromosome that deletes not only the entire Shiga toxin gene but several other genes, including fnr (19) .
The virG(icsA) deletion on the plasmid occurred spontaneously during the genetic mating experiments and is similar to the one that occurred during the construction of SC602. Based on the complete sequence of the invasion plasmid from S. flexneri 5 (31), this deletion occurs as a consequence of a recombination event between two IS629 sequences that flank the virG(icsA) gene in this region. As a result of mapping the deletion endpoint, two primers, 6R and 13F, which can be used to differentiate the vaccine strain from the parent strain have been designed. These primers will be useful to track the vaccine strain during clinical trials, particularly in regions where dysentery is endemic.
The B subunit of Shiga toxin is potentially immunogenic and may generate protective humoral responses against the action of these toxins. Whether WRSd1 vaccine should have retained the stxB subunit is debatable. Shiga toxin from S. dysenteriae 1 belongs to a family of cytotoxins, also elaborated by Shiga toxin-producing E. coli (STEC) that contribute to the development of enterohemorrhagic colitis and hemolytic-uremic syndrome in humans (24) . stx of S. dysenteriae is essentially identical to stx1 of STEC strains. After binding to human glycolipid receptor Gb3, the holotoxin is endocytosed and transported to the Golgi apparatus and then to the endoplasmic reticulum. The A subunit inhibits protein synthesis by acting on the 28S rRNA of the 60S ribosomal subunit, resulting in cell cytotoxicity.
Antibodies to the StxB subunit alone are protective against challenge with whole toxin (17) . However, the role of serum antitoxic antibody in protection against dysentery caused by Shigella dysenteriae 1 is unclear. Monkeys fed 10 10 virulent organisms after parenteral immunization with a formalin-inactivated Shiga toxoid preparation responded to orally administered Shiga bacilli by development of diarrhea and dysentery that was as severe as the response of unimmunized controls (15) . Also, the levels of Shiga toxin antibodies in the sera of patients clinically diagnosed with S. dysenteriae infection are low and variable, and similar observations have been made for Stx1 and Stx2 immune response in people infected with STEC.
To date, most of the studies investigating human antibody (19) . The low anti-Stx1 responses by hemolytic-uremic syndrome patients was attributed to an inadequate antigenic stimulus by a toxin with a very high biological activity (16) . There is also some evidence that the StxB subunit triggers cell death of epithelial cells but to a lesser degree than the holotoxin (12) . The questionable value of toxin antibody has to be balanced with the observations that the stx genes are physically linked to phage sequences in S. dysenteriae and STEC. The stx operon can exist in multiple copies on the S. dysenteriae chromosome, and bacteriophage-mediated horizontal transmission of stx genes occurs between STEC and Shigella species (19), accounting for the spread of these toxins among diverse E. coli serotypes and into other bacterial species. Recent evidence supports the notion that the host environment may be the common site where new pathogenic strains evolve (1) . The presence of the StxB subunit in a vaccine strain might therefore facilitate such recombination events. The complete loss of the phage genes accompanying the loss of the stx genes, as in WRSd1, may be a safer approach to a vaccine against S. dysenteriae 1.
The mechanism of chlorate-induced deletion of the toxin genes in the S. dysenteriae 1 chromosome has recently been determined (19) . The stx genes in the S. dysenteriae chromosome are located close to fnr, which is the fumarate and nitrate reductase regulator gene. fnr is a global transcriptional regulator that mediates anaerobic induction of respiratory gene expression, including expression of fumarate, nitrite, and nitrate reductases. Deletion of fnr would lead to the repression of nitrate reductase expression. Anaerobic growth of S. dysenteriae 1 strains on medium containing chlorate, which is reduced to the toxic metabolite chlorite by nitrate reductases when cells are grown under anaerobic conditions, was found to lead to a high percentage (10 to 25%) of spontaneous chlorateresistant mutants that coincidentally have lost the ability to produce Stx (8) . The linkage of stx to fnr on the chromosome provides a genetic explanation for the observed loss of the stx genes in a high percentage of chlorate-resistant strains of S. dysenteriae 1 (19) . Primers have been designed to test this 20-kb deletion that accompanies the loss of the stx-fnr genes. These primers can also serve to distinguish the vaccine strain from the wild-type bacteria by PCR.
A recent study has shown that fnr is one of several genes that is required by an E. coli K1 strain for colonization of the rat gastrointestinal tract (18) . WRSd1 lacks the fnr gene as well as several others that are located on the 20-kb chromosomal fragment that is lost during chlorate-induced growth. However, the loss of the 20-kb chromosomal sequence does not impair bacterial invasion in tissue culture cells. Furthermore, previous experiments have shown that administration of chlorate-induced, stx-negative S. dysenteriae 1 strains to human volunteers and monkeys did not compromise the ability of the bacteria to cause dysentery (8, 15, 21) , indicating that loss of fnr and associated genes does not prevent the bacteria from colonizing and causing disease. In these previous experiments, however, the deletion in the chlorate-induced stx mutants had not been specifically mapped (8, 15, 21) . Two of five monkeys excreted WRSd1 for 2 days when given 6 ϫ 10 9 CFU of the cGMP product, indicating that the vaccine could colonize the primate gastrointestinal tract. The immune response generated was lower than that observed in monkeys challenged with 2 ϫ 10 10 CFU of SC602 vaccine which had been freshly harvested from overnight growth plates (unpublished data). The higher response seen with SC602 administration could be due to several variables, including higher dose, manner of harvesting the strain, and possibly the presence of the fnr gene. The loss of the fnr and associated genes in WRSd1 may be one explanation for the lower efficacy of WRSd1 in guinea pigs compared to WRSS1 and SC602 when administered together at the same dose and challenged with the individual homologous virulent strains. These results indicate that in a mixture of the three vaccines, WRSd1 may have to be given at a higher dose than SC602 and WRSS1.
Based on the loss of gene sequences, one prediction is that WRSd1 will be safer at doses that proved reactogenic for SC602 and WRSS1. Whether it will be equally immunogenic in human volunteers at doses that were safe and immunogenic for SC602 and WRSS1 remains to be seen. Both SC602 and WRSS1 have undergone successful inpatient and outpatient safety trials in humans in the United States (4, 14a) . The strength of these vaccines is in their the ability to evoke a protective immune response at a fairly low oral dose resulting in a safe and efficacious approach to making dysentery vaccines. virG(icsA) mutations can be engineered in several Shigella serotypes, providing for the rapid development of a polyvalent mixture of Shigella vaccine strains effective against all of the major serotypes that are being isolated from clinical samples around the world.
The low dosage of this oral vaccine makes a polyvalent Shigella vaccine approach feasible. Furthermore, if needed, the technology of making these vaccines is easily transferable to lesser-developed countries. SC602 has proven to be safe and immunogenic when administered at a single oral dose of 10 4 CFU but reactogenic at the 10 6 CFU dose. WRSS1 is safe and highly immunogenic in doses from 10 3 to 10 6 CFU. While 15 to 20% of the volunteers receiving either vaccine have indicated one or more symptoms such as fever, headache, malaise, nausea, and mild diarrhea, none of these symptoms have been incapacitating and neither vaccine has provoked dysentery in volunteers. Immunization with SC602 has afforded protection in human volunteers against dysentery, indicating that it is both safe and efficacious (4) . Phase I trials of WRSd1 will determine the safe dosage for WRSd1. It remains to be seen whether, compared to SC602 and WRSS1, a higher dose of WRSd1 will be required to generate an equivalent immune response. 
